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ACTIONS OF LIE SUPERALGEBRAS
ON REDUCED RINGS

JEFFREY BERGEN, PIOTR GRZESZCZUK, AND MALGORZATA HRYNIEWICKA

ABSTRACT. In this paper, we look at the question of whether the subring of invariants is
always nontrivial when a finite dimensional Hopf algebra acts on a reduced ring. Affirmative
answers where given by Kharchenko for group algebras and by Beidar and Grzeszczuk for
finite dimensional restricted Lie algebras. Our main result is

Theorem 13 If R is a graded-reduced ring of characteristic p > 2 acted on by a finitely
generated restricted K -Lie superalgebra L, then RY # 0.

We can then use Theorem 13 to prove
Corollary 15 Let R be a reduced algebra over a field K of characteristic p > 2 acted on by
a finite dimensional restricted K-Lie superalgebra L and let H = u(L)#G, where G is the

group of order 2 with the natural action on L. If RY satisfies a polynomial identity of degree
d, then R satisfies a polynomial identity of degree dN, where N is the dimension of H.

1. INTRODUCTION

One of the most significant results in the study of finite groups acting on associative rings
is due to Kharchenko [K1], who proved that if a finite group G acts on a reduced ring R,
then A% #£ 0, for every nonzero G-stable subring A of R. Over the last twenty years, a great
deal of work has taken place examining finite dimensional Hopf algebras and their actions on
associative algebras. Looking at Kharchenko’s result in terms of Hopf algebras, it provides an
affirmative answer, for group algebras H = K G, to the following:

Question If R is a reduced algebra acted on by a finite dimensional Hopf algebra H , is A™ #£ 0,
for every nonzero H-stable subalgebra A of R?

In [BG], an affirmative answer is provided by Beidar and Grzeszczuk when H = u(L), the
restricted enveloping algebra of a finite dimensional restricted Lie algebra in characteristic p.
Observe that group algebras K G and restricted enveloping algebras u(L) are both cocommu-
tative. However, relatively little seems to be known about the action of H on reduced algebras
when H is neither commutative nor cocommutative.
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If L = Lo ® Ly is a restricted Lie superalgebra, then we can once again construct the
restricted enveloping algebra u(L). Observe that if L; # 0, then w(L) is no longer a Hopf
algebra as it is not closed under comultiplication. In this case, L has an automorphism ¢ or
order 2 defined as o(z) = z, for all © € Ly, and o(y) = —vy, for all y € L;. The action of o
extends to all of u(L) and if we let G = {1, 0}, then we can form the smash product u(L)#G.
It turns out that u(L)#G is a Hopf algebra which is neither commutative nor cocommutative.
In an attempt to answer the above question for additional classes of Hopf algebras, especially
ones which are neither commutative nor cocommutative, it makes sense to examine the actions
of Hopf algebras of the form H = u(L)#G. In this direction, we prove

Corollary 14 Let R be a reduced algebra over a field K of characteristic p > 2 acted on by a
finite dimensional restricted K -Lie superalgebra L and let H = u(L)#G, where G is the group
of order 2 with the natural action on L. Then A" # 0, for every nonzero H-stable subalgebra
A of R.

The final result of this paper combines Corollary 14 with a result of Grzeszczuk and
Hryniewicka [GH2, Theorem 4] to prove

Corollary 15 Let R be a reduced algebra over a field K of characteristic p > 2 acted on by a
finite dimensional restricted K -Lie superalgebra L and let H = u(L)#G, where G is the group
of order 2 with the natural action on L. If R satisfies a polynomial identity of degree d, then
R satisfies a polynomial identity of degree dN, where N is the dimension of H.

In w(L)#G, the automorphism o commutes with elements of L and anti-commutes with
elements of L. As a result, AL is G-stable and A¥ = (AL)%. In light of Kharchenko’s
result, to prove Corollary 14, it suffices to prove that A* # 0. Therefore most of the work
in this paper will be in extending the result of Beidar and Grzeszczuk from Lie algebras to
Lie superalgebras. Observe that as we attempt to prove that AL # 0, we can consider A to
be a ring which may not contain a multiplicative identity. Therefore, in order to prove the
existence of invariants under the actions of Lie superalgebras, it will be more convenient to
work with rings which may not contain a unit element. Thus the main result of this paper is
stated as

Theorem 13 If R is a graded-reduced ring of characteristic p > 2 acted on by a finitely
generated restricted K -Lie superalgebra L, where K C Cy, then R # 0.

We will now introduce the notation that, unless explicitly stated otherwise, will be used
throughout this paper. Along the way, we will see the reasons that some of the hypotheses in
Theorem 13 are more general than those in Corollary 14. R will be always be a ring which
either has no Z-torsion or has characteristic p > 2 and ¢ will be an automorphism of R such
that 02 = 1. Therefore R = Ry ® R, is Zo-graded where,

Ry={reR|o(r)=r}and Ry={re R|o(r)=—r}.

When we say that R is graded-reduced, we mean that Ry U R; contain no nonzero nilpotent
elements. We will let () represent the symmetric Martindale quotient ring of R and C' the
extended center of R. It follows that the action of o extends to both ) and C, therefore
Q=Qy® Q and C = Cy @ C are also Zy-graded. Furthermore, since R is graded-reduced,
so are () and C'. Observe that since R, (), and C are graded-reduced, they are all semiprime.

We will make repeated use of the fact that C' is von Neumann regular. This means that for
every nonzero o € C, there exists some 8 € C such that a?8 = a. Thus e = af3 is a nonzero
central idempotent in (). For any maximal ideal M of ', we can localize ), R, and C' at M
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to obtain the rings Q, R, and C, respectively. In this case, Q is a centrally closed prime ring
and its center is the field C'. An excellent reference for more information about @ and C' is
the book by Beidar, Martindale, and Mikhalev [BMM]. If B C (), we say that B is o-stable if
o(B) C B. When D C R is a o-stable subring of R, we will denote its symmetric Martindale
quotient ring as Q(D).

A function f defined on R is said to be continuous if f(R) C @ and there exists an essential
ideal J of R such that f(J) C R. Next, let Dy be the set of continuous derivations d of R
such that do = od. It now follows that d(Ry) C Qo and d(R;) C @ for all d € Dy. Recall
that if ¢ is a o-derivation of R. then 6(rs) = 6(r)s + o(r)d(s), for all ,s € R. We now let
Dy be the set of continuous o-derivations d of R such that o = —gd. Thus 6(Ry) C @1 and
d(R1) C Qo, for all 6 € Dy.

Now suppose 01,02 € DyUD; and let J be an essential ideal of R such that 6;(.J), d2(J) C R.
Since d;(a(J)) = a(0:(J)) C o(R) = R, for i = 1,2, we can replace J by J + o(J) and
assume that J is o-stable. It now follows that J? is a o-stable essential ideal of R such
that d1(02(J%)),02(61(J?)) € R. Combined with the fact that there are unique extensions of
0,01, 09 from R to (), we see that the compositions 0109, 0207 are both continuous. Therefore,
if we let Der,(R,Q) = Doy @ Dy, then Der,(R, Q) is a Lie superring. Furthermore, if R has
characteristic p > 2, Der,(R, Q) is restricted as d? € Dy, for all d € Dy. If K is a subring of
Cy such that every element of Der,(R, Q) is K-linear, then Der,(R, () is a Lie superalgebra
over K which is restricted in characteristic p.

We can now say that a K-Lie superalgebra L = Ly & Ly acts on R if there exists a Lie
homomorphism ¢ : L — Der,(R, Q) such that K C Cj and the elements of Der,(R, Q) are
K-linear. In addition, if L is restricted, we assume that ¢(zP)) = ¢(x)P, for all z € Ly, where
[p] denotes the pth power map. Although K is a commutative ring which need not be a field,
we will assume that 2 is invertible in K.

When no confusion arises, we will often identify the elements of L with their image under
¢ in Der,(R,Q). For any B C @, we let B = {b € B | o(b) = b} and if V is a subset of L,
we let BY = {b€ B|d(b) =0, for all § € V}. We also say that B is V-stable if §(B) C B,
for all 6 € V.

If Ais a subring of @ and B C @, we let C4(B) = {a € A | ab = ba, for all b € B} and
Anna(B) ={a € A|ab=0,for all b € B}. Since @ is graded-reduced, it is easy to see that
if A and B are o-stable, then Anna(B) is a two-sided o-stable ideal of A. When dealing with
elements in a,b € @, the bracket [,] will denote the usual commutator ab — ba. However,
when dealing with elements of L and Der,(R, @), it will denote the multiplication within a
Lie superalgebra.

If d € Dy, we say that d is X-inner, if there exists some ¢ € @ such that d(r) = gr — rg,
for all » € R. Similarly, if € Dy, we say that ¢ is X-inner, if there exists some ¢ € @) such
that §(r) = gr — o(r)q, for all » € R. In addition, we say that o is X-inner if there exists
some nonzero ¢ € @ such that gr = o(r)q, for all r € R. The set of elements of L which
can be written as the sum of X-inner elements of Ly and L; is denoted as L,,,. Derivations,
o-derivations, and automorphisms which are not X-inner are called X-outer. Two extremely
important special cases of Theorem 13 will be where L;,,, = L and L;,, = 0. After handling
these special cases, much of the proof of Theorem 13 consists of patching these two cases
together using mathematical induction and properties of C.

The result of Beidar and Grzeszczuk involves technical difficulties not present in Kharchenko’s
result. One reason is that when working with the action of a Lie algebra L, in order to split
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into the X-inner and X-outer cases, one must examine linear combinations over C' of elements
of L. Observe that although all the elements L may send R to R, linear combinations over
C of these elements are continuous derivations. In addition, when restricting the action of L
to some subset A of R, it must be checked that the action on A is continuous and the rela-
tionship between the extended centers of R and A must also be examined. In this paper, the
situation is further complicated because the automorphism o need not be C-linear. In light of
these technical points, in Theorem 13, it is necessary to consider derivations and o-derivations
which are continuous. It is also natural to look at Lie superalgebras over commutative rings
K where K C C. Furthermore, it is necessary for K to be contained in Cy, otherwise Dy and
D; would not be modules over K.

By twisting the multiplication in a Lie color algebra by a cocyle, one can obtain a Lie
superalgebra. Other pointed Hopf algebras are also related to simpler ones in a similar manner.
In situations like this, the invariants of a Hopf algebra acting on a ring can sometimes be
studied by also twisting the multiplication in the ring, as was done in [BeG]. Observe that
if the original ring was reduced, the new ring obtained by twisting would only be graded-
reduced. We should point out that graded-reduced rings which are not reduced occur quite
naturally. For example, let F' be a field and ¢ an automorphism of F' of order 2. If we let
G = {1, g}, then the smash product F#G is certainly graded-reduced but is not reduced as
it is isomorphic to the 2 x 2 matrices over the fixed field F¢. In the hope that Theorem 13
can later be applied to actions of other pointed Hopf algebras, our work has been in the more
general setting of graded-reduced rings.

2. THE MAIN RESULT

At various points in this paper, it will be very useful to restrict the action of L to appropriate
ideals or subrings of R. Our first lemma indicates that we can use certain idempotents in C'
to restrict the action of L to any o-stable ideal of R.

Lemma 1. Suppose the K-Lie superalgebra L acts on the graded-reduced ring R.

(1) If e = €* € Cy, then §(e) =0, for all 6 € Lo U L.

(2) Let M # 0 be a o-stable ideal of R. Then the action of every & in Ly U Ly restricts
to an action on M. Furthermore, there exists some e = e*> € C, that allows us to
naturally identify elements of L with elements of e, such that el is a Lie superalgebra
over Ke which acts on M.

(3) Let e = e* € Cy and let J be a o-stable essential ideal of R such that Je C R. Then
el 1s a Lie superalgebra over Ke which acts on Je.

Proof. For (1), if § € Lo U Ly, then since o(e) = e, we have
5(e) = d(e?) = 6(e)e + ed(e) = 2ed(e).
Multiplying the above equation by e yields ed(e) = 2ed(e). This immediately implies that
ed(e) = 0, which in turns implies that d(e) = 0.
For part (2), let @ and Q(M) represent the symmetric Martindale quotient rings of R and
M, respectively. To show that ¢ acts on M, we need to show that §(M) C Q(M) and also
that § sends some essential ideal of M into M. Observe that there exists some e = €2 € C

such that Q(M) = Qe. Since M is o-stable, it follows that o(e) =e. If r € M and § € LyUL,
then r = ge, for some ¢ € @), and

d(r) = d(ge) = d(q)e € Qe = Q(M).
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Thus §(M) C Q(M).

Next, let I be an essential ideal of R such that 6(1) C R. Since §(o (1)) = o(6(I)) C o(R) =
R, we can choose I to be o-stable. If we let P = I N M, then P? is a o-stable essential ideal
of M and

§(P?) C§(P)P+ P§(P) C RM + MR C M.
Combining the facts that §(M) C Q(M) and §(P?) C M, we see that ¢ does act on M.

Now if r € M and § € Ly U L, then r = ge, for some g € (), and

ed(r) = ed(qe) = ed(q)e = d(q)e = d(r).
The previous equation indicates that we can naturally identify the actions of ed and ¢ on
M. Since K C (Cp, we have Ke C Cype = (Ce)p, thus Ke is contained in the even part of
the extended center of M. Therefore, if we let eL = {ed | § € L}, then el is a Ke-Lie
superalgebra acting on M.
For part (3), let M = Je; since J is essential in R, we have Q(M) = Q(J)e = Q(R)e = Qe.
We can now apply part (2) to the o-stable ideal M. O

Our next lemma will allow us to reduce the actions of L and Ly to some naturally occuring
subrings of R and R,.

Lemma 2. Let R be graded-reduced and let T be a o-stable subring of () which contains Cy
such T'NJ # 0, for every o-stable ideal J # 0 of R.
(1) T embeds naturally in Q(T N R) and Ty embeds naturally in Q((T' N R)o).
(2) If the K-Lie superalgebra L acts on R such that T is L-stable, then L acts on TN R
and Lo acts on (T'N R)y.

Proof. For (1), let t € T. Since t,0(t) € Q, there exists an essential ideal J of R such that
Jt+tJ+ Jo(t) + o(t)J C R. Therefore

o(N)t+to(J)=0o(Jo(t)+0o(t)]) Co(R) =R.

As aresult, if let M = J+0(J), then M is a o-stable essential ideal of R such that Mt+tM C
R.

Let U = Anng((T'N M)y); if we can show that U = 0, then we will have shown that 7N M
is an essential ideal of TN R and also that (7'M M), is an essential ideal of (TN R)o. If U # 0,
then UM is a non-zero o-stable of R. Hence T'N UM is nonzero graded-reduced subring of
R, thus (I'NUM)p # 0. As a result, if 0 # v € (TTNUM)y, then

040> cU-(TNM)y=Anng((TNM)y) - (T NM)y =0,
a contradiction. Thus U = 0 and TNM and (T'N M), are essential ideal of TN R and (T'NR),
respectively. Since
(TNMt+t(TNM)CTNR,
t sends an essential ideal of 7'M R into T'N R by both left and right multiplication. Thus

t € Q(T'NR) and so, T embeds in Q(T' N R).
In addition, if ¢ € Tj, then it is clear that

(TN M)t + (TN M)y C (TN R),.

Since (T'N M)y is essential in (T'N R)o, t € Q((T N R)o). Hence Ty embeds in Q((T'N R)y).
For (2), let § € Ly U Ly. Since 6(7) C T, part (1) implies that

S(TNR)CTCQTNR).
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Next, let J be an essential ideal of R such that 6(J) C R. Observe that
d(o(J)) =0(6(J)) Co(R) = R.

Therefore, if we let M = J + o(J), then M is a o-stable essential ideal of R such that
d(M) € R. The argument in part (1) shows that 7N M is an essential ideal of "N R.
Moreover,

S(I'NnM)CTNR.
Thus TNM is an essential ideal of TN R which is sent by ¢ into TNR. Since §(TNR) C Q(TNR)
and 0(7T N M) C TN R, we see that § acts on T'N R.

Since T contains Cy, it follows from part (1) that Cy embeds in the extended center of TN R.
Thus K embeds in the even part of the extended center of T'N R and the K-Lie superalgebra
L does act on T'N R.

If § € Ly then the facts that 6(Ry) C Qo and §(7") C T combine with part (1) to imply that

d((T'NR)o) € To € QUT N R)y).
Since
6((T'N M)o) € (T'N R)o,

we see that (T'N M), is an essential ideal of (7'M R), which is sent by § into (7N R),
Finally, since Ty contains Cy, it follows from part (1) that Cy embeds in the extended center

of (T'N R)y. Thus K embeds in the even part of the extended center of (7'M R)y and the

K-Lie algebra Ly acts on (T'N R)o. O

Our next lemma examines the nature of those elements of ) which induce the X-inner
elements of Ly U L.
Lemma 3. Let R be a graded-reduced ring acted on by the K-Lie superalgebra L.

(1) If 6 € L; is X-inner, then 6 is induced by some a € Q;.

(2) If §,d € Lo U Ly and d is induced by the homogeneous element a € Q, then [d,d] is
induced by §(a). Thus Ly, is an ideal of L.

(3) If a,b € Qg induce the same derivation of R, then a — b € Cy.

(4) If a,b € Qy induce the same o-derivation of R, then a = b.

(5) If a,b € Q1 induce the o-derivations d,d, then ab+ ba induces the derivation [, d].

Proof. For (1), first suppose § € Lg is induced by a = ag + a; € Q. Then
(2.1) d(r) =ar —ra=(ap+ ay)r —r(ap + ay)
= (agr — rap) + (a1 — ray).
This immediately implies that
6(c(r)) = (aa(r) — o(r)ag) + (ar0(r) — o(r)ar)
and
a(d(r)) = (ago(r) — a(r)ag) — (aro(r) — o(r)ay).

Since ¢ and o commute, the previous equations imply that 2(a10(r) — o(r)a;) = 0, hence
ajo(r) — o(r)a; = 0. Replacing r by o(r) yields a;r — ra; = 0. Equation 2.1 now becomes

d(r) = (apr — rag) + (a1r — ray) = apr — rag.

Thus ¢ is induced by a = ag € Q.
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Now suppose d € Ly is induced by a = ag + a1 € ). Then
(2.2) d(r)=ar —ao(r)a = (ag+ a1)r — o(r)(ag + ay)

= (apr — o(r)ag) + (a1r — o(r)ay).
This implies that
d(a(r)) = (ago(r) —rag) + (aro(r) — ray)
and
a(6(r)) = (apo(r) —rag) — (aro(r) — raq).
Since do = —od, adding the previous equations results in 2(ago(r) —rag) = 0, hence ago(r) —
rag = 0. Replacing r by o(r) yields agr — o(r)ap = 0. Equation 2.2 now becomes

d(r) = (agr — o(r)ag) + (a1r — o(r)ay) = ayr — o(r)a.

Thus ¢ is induced by a = a; € Q.
For (2), we will need to examine four cases and will begin by supposing that d(r) = ar—g(r)a
is a g-derivation and 0 is an h-derivation, where g, h are commuting automorphisms of R.
Therefore

(2.3) [0, d)(r) = 0(ar — g(r)a) — (ad(r) — g(6(r))a) =

6(a)r +h(a)é(r) —6(g(r))a — h(g(r))é(a) — ad(r) + g(6(r))a.
For the first case, suppose d,6 € Lg; then g = h = 1 and h(a) = a. Then 2.3 simplifies to
10,d](r) = d(a)r — rd(a). Hence [, d] is X-inner and induced by d(a).

Second, suppose d € Ly and ¢ € Ly; then g = 1,h = 0,h(a) = a, and gé = dg. In this case,
2.3 simplifies to [4,d|(r) = 6(a)r — o(r)d(a). Hence, once again, [0, d] is X-inner and induced
by d(a).

For our third case, suppose d € Ly and § € Lg; then g = o,h = 1,h(a) = a, and gj = dg.
This time 2.3 simplifies to [0, d](r) = é(a)r — o (r)d(a). As before, [0, d] is X-inner and induced
by d(a).

Finally, suppose d,é € L;. Then, instead of looking at 2.3, we need to examine
(2.4) (0d + do)(r) = d(a)r + h(a)d(r) — d(g(r))a — h(g(r))d(a) + ad(r) — g(d(r))a.

In this case, g = h = 0, h(a) = —a, and g§ = —dg. Therefore 2.4 now becomes [§, d|(r) =
d(a)r — ré(a) and so, [d,d] is X-inner and induced by d(a). As a result, in every case [0, d] is
induced by d(a). Thus [L, Liy,] € Lin, and so, Ly, is an ideal of L.

For (3), if a,b € @)y both induce the derivation §, then we have

0=0(r)—d(r) = (ar —ra) — (br —rb) = (a — b)r —r(a —b),

for all » € R. Since a — b commutes with every element of R, it also commutes with every
element of Q). Hence a — b€ CNQy = .
For (4), if a,b € @1 both induce the skew derivation 0, then we have

0=4(r)—=4d(r) = (ar —a(r)a) — (br — o(r)b) = (a — b)r — o(r)(a — b),

for all r € R. If we let ¢ = a — b, then ¢ € @), and the previous equation tells us that
qr = o(r)q, for all » € R. But implies that gr = o(r)q, for all r € Q. If we now let r = ¢ in
the equation gr = o(r)q and use the fact that o(q) = —¢q, we obtain ¢*> = —¢?. Hence 2¢*> = 0
and so, ¢ = 0. However ¢ is homogeneous and @ contains no nonzero nilpotent homogeneous
elements, hence ¢ = 0. Thus 0 = ¢ = a — b, hence a = b.
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For (5), if d is induced by a € @, then it follows from part (2) that [§,d] is induced by
d(a). But since § is induced by b, we have §(a) = ba — o(a)b = ab+ ba. Thus [0, d] is induced
by ab + ba, as desired. O

Our next lemma is essentially a restatement of Theorem 2.6 and Corollary 2.7 of [BG|. It
will be extremely useful in analyzing the special cases where all the elements of either Ly or
L, are X-inner.

Lemma 4. Let R be a semiprime ring and let A be a semiprime subring of QQ which contains
C and is finitely generated as a C-module. If we let T'= Cp(A), then T N J # 0, for every
nonzero ideal J of R.

Proof. We will first show that TN R # 0. Since A is finitely generated over C, there exist
ai,...,a, € A such that A = Cay; + --- + Ca,. Let M be a maximal ideal of C' such that
the image A of A under the localization at M is nonzero. Let @, C' denote, respectively, the
localizations of Q and C at M. Recall that C is a field and is the center of the centrally closed
prime ring Q.

It is clear that A = Ca; + - -- + Ca,. Furthermore, Proposition 5(i) of [GH1] asserts that
A is also semiprime. Thus A is a semisimple algebra which is finite dimensional over the field
C. We can now use some of the arguments from the proof of Theorem 2.6 in [BG].

Observe that A is a Frobenius algebra over C. Therefore there exists a non-degenerate
associate bilinear form F : A x A — C. We can fix a basis {é,...,é,} for A and let
{e1, ..., e} be the dual basis, where m < n. Thus F(e;,e}) = 1 when i = j and F'(¢;,}) =0
when i # 7.

For 1 <t < n, there exist ou;, Btjk € C such that

m m

— —x — —x — — o —

(2.5) aey, = E ui€; and €ja; = g Btik€r-
j=1 k=1

Since F' is associative, we have
(2.6) au; = F(e;,a.e;) = F(ejaz, ey) = Bijr.
Let £ € C\M be a common denominator for every au;, €;, e;. Thus
urj = E gy, er=¢Eler, and e; =& ey
Rewriting the last three equations in @, there exists some n € C'\ M such that
néQuk; = nouks, néep = ney, and née; = ne;.
Using these facts along with 2.6, we can rewrite 2.5 as
m m
(2.7) néacey, = Z naggje; and néejap = Z Ntk Ck-
j=1 k=1

We can now define the map p: Q — Q as p(x) =n& > -, efzey, forallz € Q. f 1 <t <n
and x € ), by applying 2.7, we have

p(z)a, = (7752 e;:cej)at = Ze;*x(n&“ejat) = Z e;xzn@tkjek =
j=1 j=1 k=1

Jj=1
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Z Zﬁatkje xrey = Z (Z NQygje ]> zre = anatekx@k =

7=1 k=1 k=1 7j=1

ar(ng Z eprer) = ap(x).

k=1
Since {ay,...,a,} spans A over C| it is clear that p(x)a = ap(zx) for all x € @ and a € A.
Thus p(Q) € T. Martindale’s Theorem asserts that since {é,...,é,} and {e},..., e} are

subsets of the prime ring @ which are linearly independent over C’ there exists some q € )
such that Zk L€iqex £ 0in Q. Since n, & € C\M, both 7 and ¢ are invertible in (). Therefore
nES L, €xger # 0 in Q. But this immediately implies that p(q) = n€ Y -, ejqex # 0 in Q.
Hence p(Q) # 0.

Since p involves only a finite number of elements of (), there exists an essential ideal I of R
such that p(I) C R. Observe that since [ is essential, it has the same symmetric Martindale
quotient ring as R. Thus Q(/) = @, which immediately implies that p(Q(I)) # 0. Viewing [
as a semiprime ring, we can apply a result of Beidar [B] which asserts that since p does not
vanish on @(I), then it also does not vanish on I. Combining several of our observations, we
can now conclude that

0#p(I) CTNR=Cgr(A).
Thus we have succeeded in showing that TN R # 0.

To complete the proof, suppose J is a nonzero ideal of R. Then there exists some ¢ = ¢ € C
such that Q(J) = Qe. We are now in the situation where J is a semiprime ring with symmetric
Martindale quotient ring Qe and extended center Ce such that Ae is a semiprime subring of
Qe which contains Ce and is finitely generated as a C'e-module. Therefore we can apply our
previous argument to conclude that C;(eA) # 0. Since multiplication by 1 — e annihilates J,
it follows that if » € C;(eA) and a € A, then

[ral =[r, (1 —e)+e)a] = [r,(1 —e)a] + [r,ea] =040 = 0.
Hence r € C;(A). Thus 0 # C;(eA) C C;(A) =T N J, thereby concluding the proof. O

We can now prove the important special cases of our main result where either Ly C L;,,, or
Ly C Li,,. We have stated the following lemma in such a way that we will be able to apply
it in both the characteristic p > 2 and characteristic 0 cases.

Lemma 5. Suppose the graded-reduced ring R is acted on by the finitely generated K-Lie
superalgebra L such that the elements of Ly act on R as algebraic derivations. If either
L(] g LGn or L1 Q Linn; then RL 7é 0.

Proof. Let V be an ideal of L which is finitely generated over K and contained in L;,,. We
can write
V=(Koi+ -+ Kz,)® (Ky1 + -+ Kuy),

where x; € Lo N Ly, and y; € Ly N Ly, for all 4, j. By Lemma 3(1), for every i, j, we can
let a; € Qo induce the derivation corresponding to z; and let b; € ()1 induce the o-derivation
corresponding to y;. Next, let W, and W; be the span over C of the sets {1,a4,...,as}
and {by,...,b:}, respectively. Then Lemma 3(4)(5) implies that W = Wy @ W, is a finitely
generated Lie superalgebra over C'. Now let A be the subalgebra of @) generated over C' by
the set {1,aq,...,as} U{by,...,b}. Observe that A is spanned over C' by Poincaré-Birkhoff-
Witt monomials of the form a;" - - - az**b?* - - - b*, where each j; < 1. Since each a; induces a
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derivation which is algebraic over C, Proposition 2.2 of [BG] asserts that each a; is algebraic
over C. As a result, we can bound the exponents of the a; which appear in the monomials
which span A over C'. Hence A is finitely generated over C'.

Since R and @ are graded-reduced and A is o-stable, we see that A is semiprime. Next, let
T =Q" and let S = Cg(A). If J # 0 is a o-stable ideal of R, then Lemma 4 implies that
SNJ #0. Since SN J is o-stable, it follows that (SN J)g # 0. However, it is easy to see that
(SNJ)y CTNJ. As aresult, T is a o-stable subring of ¢ which contains Cy such T'NJ # 0,
for every o-stable ideal J # 0 of R. Furthermore, since V' is an ideal of L, T is also L-stable.
Thus Lemma 2(2) now tells us that L acts on TN R. Since TN R = R, we now know that
L acts on the nonzero graded-reduced ring R" .

We will first consider the case where Ly C L;,,. In this case, let

V = Lo EB [Lo, Ll]

Observe that V' is certainly an ideal of L which is finitely generated over K and Lemma 3(2)
implies that V' C L;y,,. Therefore we can apply our argument above to assert that RV # 0
and L acts on RY. Since V contains Lo, the action of L on RY is quite special. In particular,
if re RV, dée Ly, and 6,0, € Ly, then we have

(2.8) d(r)=0, 6*(r)=0, and &(6,(r)) = —56.(0(r)).

There exists a o-stable essential ideal I of RV such that §(I) C RY, for all ¢ of the o-
derivations that generate L, over K. It follows from 2.8 that the composition of any ¢ 4 1
elements of L vanishes on RV, therefore if we let J = I, then any composition of the generators
of L; must send J into RY. If L, vanishes on J, then clearly J C R* and we are done in this
case. However, if L; does not vanish on J, then there exists a smallest positive integer m such

the product of any m + 1 elements of L; vanishes on J but there exists a composition p of m
generators of L; such that 0 # p(J) C RY. Therefore, if § € Ly U Ly, then §(p(J)) = 0. Thus

0# p(J) C R*

and so, RY # 0.
Finally, let us consider the case where L; C L;,,. In this case, let

V - [Ll,Ll] EB Ll.

Once again, V' is an ideal of L which is finitely generated over K and Lemma 3(2) implies
that V' C L;,,. Therefore our previous argument again implies that RV # 0 and L acts on
RY. However, in this case, Lemma 2(2) also asserts that Ly acts on the nonzero reduced ring
(RY)o. Since Ly is a finitely generated K-Lie algebra of algebraic derivations, Theorems 3.4
and 3.5 of [BG] imply that ((R")¢)™ # 0. Clearly ((RV)o)* C R, thus R* # 0, thereby
concluding the proof. O

In the main result of this paper, L will be finitely generated and restricted. The concept
of being restricted is only valid in characteristic p and we can observe that L being finitely
generated and restricted is equivalent to L being finitely generated with Ly consisting solely
of algebraic derivations. In light of this, there is a natural characteristic 0 analog of our main
result. In fact, the characteristic 0 version is much easier and, as we will now see, follows
directly from Lemma 5.

Theorem 6. Let R be a graded-reduced ring of characteristic 0 acted on by a finitely generated
K-Lie superalgebra L, where K C Cy. If every derivation in Lgy is algebraic over C', then

RE 4 0.
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Proof. Since every derivation in L is algebraic over C' and the characteristic is 0, it follows
from [K2| that every element of Ly is X-inner. Therefore Ly C L;,, and the result follows
immediately from Lemma 5. U

Our next lemma deals with three more important special cases of our main result.

Lemma 7. Let R be a graded-reduced ring acted on by a finitely generated restricted K-Lie
superalgebra L, where K C Cy. Suppose at least one of the following three conditions holds:

(1) there exists some nonzero a € Q such that ar = o(r)a, for all r € Q;
(2) o is not C-linear;
(3) some element of Ly is not C-linear.

Then R* # 0.

Proof. We begin with an observation that will be used in the proofs of parts (1) and (2).
Since C' is von Neumann regular, if 0 # 3 € Cy, then there exists v; € C such that 5%y, = 3.
Applying o to both sides of this equation yields 3%c(;) = 3. Adding our last two equations
and dividing by 2 yields ﬁ%%ﬁl)) = f. Therefore if we let v = %ﬁl), then v € Cj and
B2y = B. If we let e = B, then it is clear that 0 # e = €2 € Cy. In addition, since e € Qf3
and § = fBe € Qe, it follows that Q5 = Qe. Hence [ is invertible in QQe. Thus, for every
0 # B € Cy, there exists some e = e € C} such that 3 is invertible in Qe.

Suppose condition (1) holds. We can write a = ag + a1, where ay € Qp and a; € Q1. Then

if we let r = a1 in the equation ar = o(r)a, we obtain
(ao +ar)ay = —ai(ap + ay).

Looking at the even part of each side of the previous equation tells us that 2a,?> = 0, which
implies that a; = 0. Hence a = ag € Qo.

It is easy to see that a®r = 02(r)a® = ra?, for all r € Q. Thus a? is a nonzero element of Cj.
Our observation above tells us that there exists some e = e? € Cy such that a? is invertible
in Qe. Thus ae is an invertible element of QQe. Next, let J be a o-stable essential ideal of R
such that Je C R. By Lemma 1(3), eL acts on Je and it suffices to show that (Je)* # 0.
However, in Q(Je) = Qe, the element ea is now invertible. Therefore, in order to prove that
RY 0, we may reduce to the case where a is invertible.

In light of our reduction, we are now in the situation where o(r) = ara™!, for all r € Q. If
§ € Ly, then § and o anti-commute. Therefore, if 7 € @, then using the fact that §(a™!) =
—a'6(a)at, we obtain

0= (060 +ad)(r) =6(a(r)) +o((r)) = 6(ara™) + ad(r)a" =
S(a)ra™ +ad(r)at +ao(r)é(at) +ad(r)a™t =
S(a)ra™* +ad(r)a™t —ao(r)a '6(a)a! + ad(r)a~".
Multiplying the previous equation by a~! on the left and a on the right yields
=a " '6(a)r +6(r) — o(r)a=t(a) + §(r).
But this can easily be rewritten as
20(r) = —a"'0(a)r + o(r)a(a).
Dividing both sides by % and letting b = w gives us
d(r) = br —o(r)b.
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Thus every element of L; is X-inner. Lemma 5 now implies that RY # 0.

Now suppose condition (2) holds. Then there exists some nonzero o € C' such that o(a) =
—a. Since o? is a nonzero element of Cy, the argument used in the proof of part (1) tells us
that there is some e = e € C such that « is invertible in Qe. Using the same reduction as in
part (1), we may now reduce down to the case where « is invertible.

If ) € Ly and r € (), we have

d(ar) = d(a)r — ad(r)

and

d(ra) =0(r)a+ o(r)i(a).
Since d(ar) = §(ra), the previous equations imply that

d(a)r —ad(r) =o0(r)a+ o(r)d(a).

However a € C, therefore we can simplify further to obtain

2a6(r) = 6(a)r — o(r)d(a).

—!6(a)

We are in the situation where « is invertible, therefore if we let b = *—
the previous equation as

, We can rewrite

d(r) = br —o(r)b.

Thus we are once again in the situation where every element of L; is X-inner. Therefore,
Lemma 5 again implies that R # 0.

Finally, let us suppose that condition (3) holds. In light of part (2), we may assume that
o is C-linear. In this case, there exists some § € L; and ¢ € C such that d(c) # 0. If r € Q,
using the fact that o(c) = ¢, we have

d(cr) = 6(c)r + cd(r)
and
d(re) = o0(r)c+ a(r)d(c).
Since d(cr) = d(re) and c¢d(r) = d(r)c, the previous equations imply that
d(c)r = a(r)o(c).
However, since d(c) # 0, it follows from part (1) that R* # 0, thereby concluding the proof. [

In [BM, Proposition 1.1], Bergen and Montgomery showed that a continuous derivation
d of a prime ring R is X-inner if and only if there exist a,b € R, with a # 0, such that
ad(ra) = bra — arb, for all r € R. To handle the case where L;,,, = 0, we will not only use
the result in [BM] but we will also need to extend it to continuous o-derivations which are
induced by odd elements in Lie superalgebras. We should point out that Kharchenko [K3] has
proven more general results on the nature of X-inner derivations and skew derivations but we
will not need the full generality of his results.

Proposition 8. Let R be a prime ring and § a continuous o-derivation of R where o = —od
and 0® = 1. Then § is X-inner if and only if there exists some a,b € R such that a # 0,
o(a) = a, and ad(ra) = bra — ao(r)b, for allr € R.
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Proof. In one direction, since 9 is X-inner, there exist some ¢ € () such that

o(r) = qr —o(r)q,
for all » € R. Next, let I # 0 be an ideal of R such that Iq+ ¢qI C R. Since R is prime, we
can replace I by I No(I) and can therefore assume that I is o-stable. Thus there exists some
nonzero a € I such that o(a) = a. If we multiply the equation 6(r) = gr — o(r)q on the left
by a and then replace r by ra, we obtain
ad(ra) = a(q(ra) — o(ra)q) = (aq)ra — ac(r)(aq).
Letting b = aq results in
ad(ra) = bra — ao(r)b,
as desired.

In the other direction, suppose ad(ra) = bra — ac(r)b, for all r € @, where a,b € R such
that a # 0 and o(a) = a. Let J be a nonzero o-stable ideal of R such that §(J) C R and
define the left module map ¢ from RaJ to R as

(zao(y))g = xby — zad(y),

for all x € R and y € J. In order to show that ¢ € @), we first need to check that ¢ is
well-defined. Thus we must show that whenever

inaa(yi) =0,
where x; € R and y; € J, then it follows that such that
Z x;by; — x;a0(y;) = 0.

To this end, suppose z; € R and y; € J such ) . xz;a0(y;) = 0 and let » € R. Using the facts
that

by;ra = ao(y;r)b+ ad((y;r)a) and d(y;)ra = d(y;(ra)) — o(y;)o(ra),
we obtain

(Z by, — x;a6(y;))ra = Z xb(yir)a — x;ad (y;)ra =
Z zia0 (y;r)b + xa0 ((yir)a) — x;a0 (y;(ra)) + xa0(y;)o(ra) =

(> wiao(y)) (o (r)b+ 5(ra)) = 0.

Thus we have shown that if
inaa(yi) =0,

then
(Z x;by; — x;a0(y;))Ra = 0.

Since R is prime, this implies that >, z;by; —z,a0(y;) = 0, as desired. Hence ¢ is well-defined.
Next, we need to show that ¢ does induce §. If we let z,7 € R and y € J, then by using
the definition of ¢, we obtain
(zao(y))(qr — o(r)q — 6(r)) = (zao(y)q)r — xao(yr)q — vao(y)o(r) =
zbyr — xad(y)r — xbyr + xad(yr) — zao(y)o(r) = 0.
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Hence
RaJ(qr —o(r)g—d(r)) =0
and the fact that R is prime implies that
qr —o(r)g—o(r) = 0.

Therefore 6(r) = gr — o(r)q, for all r € R.

Finally, let I be a nonzero o-stable ideal of R which is contained in Ra.J such that §(I) C R.
Since Iq C R, it also follows that ¢/ C R. Thus Iq+ qI C R and we see that ¢ € @), as
desired. O

The smash product Q#u(L) is often very useful in examining the action of L on R. The
next proposition, which holds for all prime rings, shows that Q#u(L) satisfies an important
bimodule intersection property provided L;,, = 0 and some additional technical conditions
are satisfied.

Proposition 9. Let R be a prime ring with extended center C' acted on by the finite dimen-
sional restricted C-Lie superalgebra L. In addition, suppose that the action of L is C-linear
and the action of o is both X-outer and C-linear. If Ly, = 0, then every nonzero (R, R)-
bimodule of Q#u(L) intersects R nontrivially.

Proof. Let {x1,...,x,} and {y1,...,ymn} denote, respectively, a C-basis for Ly and a C-basis
for L,. Every element of u(L) is spanned over C' by Poincaré-Birkhoff-Witt monomials of the
form

oy oy
where the exponent of each z; is at most p — 1 and the exponent of each y; is at most 1. We
define the degree of

O LI I
to be
Observe that every element of Q#u (L) can be written uniquely as > gaA, where ga € @ and
the sum is taken over all Poincaré-Birkhoff-Witt monomials in w(L). The support of > gaA
is defined to be those monomials A such that ga # 0. The degree of > gaA is then defined
to be the largest degree of any monomial in its support.

Let B be a nonzero (R, R)-bimodule of Q#u(L) and let N be the smallest degree of a
nonzero element in B. Since every nonzero (R, R)-bimodule of () certainly intersects R non-
trivially, it suffices to show that N = 0. Therefore, by way of contradiction, we will assume
that N > 1. From among all elements of B of degree N, let w be one with the minimal
number of monomials of degree N in its support. Let

n=x "yt YT

be a monomial of degree N — 1 which was obtained by taking a degree N monomial in the
support of w and lowering one of the exponents by 1. Next, let {Aq, ..., A;} be the monomials
in the support of w from which we could obtain n by decreasing one of the exponents by 1.
Let I be those elements of R which appear as a coefficient of A; in an element of B of degree
N which has the same degree N monomials as w in its support. Observe that since B is an
(R, R)-bimodule, we know that I U {0} is a nonzero ideal of R. Since R is prime, we may
assume that I contains some a # 0 such that o(a) = a. Therefore, without loss of generality,
we may assume that a is the coefficient of A; in w.
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If A is a Poincaré-Birkhoff-Witt monomial in u(L), let M denote the sum of the exponents
of y1,...,Ym. As a shorthand, let M = My,. It is clear, for every A; € {Ay,..., A}, that
either My, is equal to M or differs from M by 1. Recall that in Q#u(L), if s € @ and d is
the derivation corresponding to x € Ly, then

xs = sz +d(s).
Similarly, if s € () and 0 is the o-derivation corresponding to y € L1, then

ys =o(s)y +d(s).
Now, if r € R, let

v = arw — wo™(

ra).
In light of the multiplication in Q#u(L), we see that the coefficient of Ay in v is
ara — ac™(c™(ra)) = ara — ara = 0.

Thus v is an element of B of degree at most N having fewer degree N monomials in its support
than w. Therefore, by the minimality of w, we have v = 0.
For k > 1, let a; denote the coefficient of A, in w. Suppose that, for some A, we have
M # My, . Since M and My, differ by 1, the coefficient of Ay in v is
0 = arax — ago(r)a.

Thus, for all r € R, aray = axo(r)a. Since ai, # 0, this contradicts the fact that o is X-outer.
Therefore M = Mp,, for every Ay.

As a result, for k > 1, the coefficient of Ay in v is 0 = ara, — agra. Thus ara, = aira,
for all » € R, which implies that there exists some A, € C such that a;, = A\pa. If we let b
denote the coefficient of 7 in w, then our argument now splits into the cases where M = M,
and M # M,.

If M = M,, let dj, be the derivation corresponding to the element of Ly where the exponent
in A, exceeds the exponent in 7. If we let r € R, then

arapAy, — apApo™ (ra) = —igpagdy(ra)n
+ other terms of degree at most N — 1.
This implies that the coefficient of n in v is

arb — bra — Z Aiirady(ra).
Since v = 0, this implies that

Z ixApady(ra) = arb — bra.

By the result of Bergen and Montgomery [BM], this implies that the derivation > ixArdy
is X-inner. Since A\; = 1 and 4; is invertible in C', we have obtained the contradiction that
> ik Akdy is a nonzero element of L.

Thus we are now in the case where M and M,, differ by 1. If we let r € R, then

arapAy — apApo™ (ra) = —apdp(ra)n
+ other terms of degree at most N — 1.
This implies that the coefficient of n in v is

arb — bo(ra) — Z Arady(ra).
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Since v = 0, this implies that
Z Arad(ra) = arb — bo(r)a.

Proposition 8 implies that the o-derivation Y A0y is X-inner. Since A; = 1, we have obtained
the contradiction that >  \¢dy is a nonzero element of L;,,, thereby concluding the proof. [

Our main result will deal with graded-reduced rings. Such rings are always semiprime but
need not be prime. Therefore we need to extend Proposition 9 from prime rings to semiprime
rings.

Corollary 10. Let R be a semiprime ring with extended center C' acted on by the finitely
generated restricted C-Lie superalgebra L. In addition, suppose that the action of L is C'-
linear and the action of o is both X-outer and C-linear. If L;,, = 0, then every nonzero
(R, R)-bimodule of Q#u(L) intersects R nontrivially.

Proof. Let B be a nonzero (R, R)-bimodule of Q#u(L) and let M be a maximal ideal of C.
Since the actions of o and L are C-linear, there are induced actions of o and L on ). We can
let & denote the automorphism and L the C-Lie superalgebra corresponding to these induced
actions on Q. Now choose M so that the image B of B in Q#u(L) is nonzero.

We first need to show that the action of ¢ is X-outer. By way of contradiction, suppose
there exists some a € Q such that @ is nonzero in Q and

ar = o(r)a,
for all » € R. This means that there exists some ¢ € C\ M such that
(ca)r = o(r)(ca),

for all r € R. Since ¢ is invertible in C, €a is nonzero in @, hence ca is nonzero in (). But this
contradicts the fact that ¢ is X-outer on R. Thus & is X-outer on R.

Next, we claim that L;,, = 0. If not, then there exist ¢ € Q, ¢; € C, and §; € L such
that every ¢; is nonzero and » ¢;0; is the derivation or G-derivation of () induced by g. This
means that there exists some ¢ € C'\M such that > c¢;d; is the derivation or o-derivation of
@ induced by cq. Since L;,, = 0, this implies that cc; = 0, for all ¢, but this contradicts the
fact that each ¢; is nonzero.

Having shown that & is X-outer and L;,,, = 0, we can apply Proposition 9 to assert that
BN Q #0. Therefore there exists some 0 # f € BN Q such than f is of the form

J=a+ ZCLAA € Q#u(L),

where A runs through the Poincaré-Birkhoff-Witt monomials of u(L) other than 1 and ag, aa €
Q. Since f € @Q, there exists some ¢ € C'\ M such that cag # 0 and can = 0, for all A. Thus
cf is a nonzero element of B N () and so, B intersects () nontrivially. O

Finite dimensional Hopf algebras H are Frobenius algebras and therefore contain nonzero
clements [, known as left integrals, such that w(H) [ = 0, where w(H) is the augmentation
ideal of H. It then follows that whenever H acts on a ring R, then the action of [ sends R
into R. Thus the existence of left integrals is very useful in producing invariants. In our
situation, since C' need not be a field, we are not automatically guaranteed that u(L) contains
a nonzero element ¢ such that Lt = 0. However, the next lemma shows that such an element
does indeed exist in our case.
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Lemma 11. Let R be a semiprime ring with extended center C acted on by the finitely
generated restricted C-Lie superalgebra L. If the action of L is C-linear, then there exists a
nonzero element t € u(L) such that Lt = 0.

Proof. Let x1,...,z, generate L as a C-module and let M be a maximal ideal of C. As in
the proof of Lemma 10, every element of L also acts on ) and we can let L denote the Lie
superalgebra over the field C' induced by the action of L on (). Observe that if we localize

u(L) at M to obtain u(L), then u(L) = u(L). Since u(L) is a Frobenius algebra, so is u(L).
As a result, u(L) contains a nonzero element [ such that z; [ = 0, for all 7.

Note that there exists ¢ € C\M and w € u(L) such that ¢ [ is the image in u(L) of w.
Therefore, for each i, there exists some ¢; € C'\M such that ¢;z;w = 0. Finally, let

t=(cr- - cp)w.
Then ¢ is a nonzero element of u(L) such that x;t = 0, for all i. Hence Lt = 0, as desired. [

Our next lemma is a slight generalization of [BG, Lemma 3.2]. It shows that, with the in-
sertion of various idempotents, modules over commutative von Neumann regular rings behave
very much like vector spaces over fields.

Lemma 12. Let M = Czy + --- 4+ Cx, be a finitely generated C-module and N a proper
submodule, where C' is a commutative von Neumann reqular ring. Then there exists a nonzero
idempotent e € C' and a re-ordering of the x; such that eM # 0 and

eM = (Cexy + -+ Cexy,) @ eN,
where m < n and eN 1is generated over C by at most n —m elements.
Proof. Suppose e; is a nonzero idempotent of C' such that e; M # 0 and
enM = (Ceyzy + -+ + Ceyxy) + e N,

where £ < n. If

(Ceyxy + -+ Ceyxy) Ney N # 0,
let w = cie1xy + -+ - + cgerxy belong to this intersection, where each ¢; € C'. By re-ordering
the set {x1,..., 2}, we may assume that cxe;zy # 0. Since C' is von Neumann regular, there
exists ¢ € C such that ¢;%c = ¢,. Therefore f = cc, is a nonzero idempotent such that

feixy = cw — ccregry — -0 — CCp_1€1Tp_1.
Observe that fejx, # 0, since ¢, feix, = ceple1xy = cperxy, # 0. As a result,
0+# feeM =Cfeyxy +---+Cferxp_1+ ferN.

This says that if (Cejxy + -+ Ceyzy) NerN # 0, then there exists an idempotent e; = fey
such that we can re-order the elements of {e;x1,...,e;x;} and then replace it by the smaller

set {eax1, ..., e0wk_1}.
Starting with the idempotent 1 and the set {x1,...,z,}, it is certainly true that

IM#0, IM=Czy+---+Cx,+1N, and (Czy+---+ Cz,)N1IN #0.

Therefore we can repeatedly apply the above procedure to produce a nonzero idempotent
e € C such that eM # 0 and

eM = (Cexy +--- + Cexy,) @ eN,

where m < n.
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Finally, since eN ~ eM/(Cexy + - - - + Cex,,), it follows that eN is generated over C by at
most n — m elements. O

We now have all the pieces needed to prove the main result of this paper.

Theorem 13. If R is a graded-reduced ring of characteristic p > 2 acted on by a finitely
generated restricted K-Lie superalgebra L, where K C Cy, then RV # 0.

Proof. We will proceed by induction by showing that, for every positive integer n, whenever
a graded-reduced ring R is acted on by a restricted K-Lie superalgebra L such that

KCcCy, Ly=Kri+---+Kx,, Ly =Ky +---+ Ky, and n=s5+1,

then it must be the case that RY # 0. We begin with the case where n = 1; therefore either
s=1ort=1 1If s =1, then L is a Lie algebra and the result follows by applying either
the result of Beidar and Grzeszczuk [BG] or more general results on the actions of a single
algebraic derivation. On the other hand, if t = 1 and if § is the o-derivation corresponding to
the action of 4, then 6 = 0. Thus ¢ clearly has nonzero invariants and so, R # 0. Having
shown that R* # 0 in the n = 1 case, we may now assume that n > 1.

By Lemma 7, if the action of either L; and o fails to be C-linear, then R # 0. Therefore,
for the remainder of the proof, we may assume that the actions of both L; and o are C-linear.
Since we are now in the case where C' = Cj, it follows that Der,(R, Q) is a module over
C. We can let CL,CLy, CL;y denote the C-submodules of Der, (R, Q) generated by L, Lg, L1,
respectively. Although the action of L; is C-linear, it is possible that the action of Lg is
not C-linear. Although C'Lj is a C-module which is both a Lie ring and closed under taking
pth powers, it is not technically a Lie algebra over C. In the work of Kharchenko [K3] and
Beidar-Grzeszczuk [BG], these objects are referred to as restricted Lie 0-algebras. In [BG], it
is shown that whenever a restricted Lie 0-algebra Ly is finitely generated over C' and acts on
a reduced ring R, then R0 £ (.

Let U be the restricted subalgebra of C'L generated over C' by L;. Since

[L1, L1] ® Ly

is an ideal of L, it is clear that U is an ideal of the Lie superring C'L. In addition, since every
element of L is C-linear, U is a Lie superalgebra over C'. By Lemma 12, there exists some
e = e € C such that eU # 0 and either eCL = eU or eU is generated over C' by fewer than
n elements.

In the latter case, let J be a o-stable essential ideal of R such that Je C R. Lemma 1(3)
tells us that eU is a restricted Lie superalgebra over Ce acting on Je. To show that RF # 0,
it suffices to show that (Je)°r # 0. Therefore, without loss of generality, we may reduce down
the case where U is generated over C' by less that n elements. Now, let M # 0 be a o-stable
ideal of R. By Lemma 1(2), there exists some f = f? € C such that fU # 0 and fU acts
on M so that we can identify this action with the action of U on M. However, since fU is
generated over C'f by less than n generators, the induction hypothesis implies that fU acts
on M with nonzero invariants. Thus

QUNM = MY #£0.

Furthermore, since U is an ideal of C'L, it follows that QY is L-stable. By Lemma 2(2), L
acts on RY and the Lie algebra Ly acts on (RY)y. By the result of Beidar-Grzeszczuk [BG],
((RY)o)to # 0. However,

((R")o)" C R".
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Thus, in this case, R" # 0.

The remaining case is that eC'L = eU. By Lemma 1(3), there exists a o-stable essential
ideal J of R such that eU acts on Je. Since it now suffices to show that (Je)®V # 0, without
loss of generality, we can assume that L = U. As a result, all elements of L are C-linear and

we can consider L to be a Lie superalgebra over C'. Therefore, without loss of generality, may
assume that L = C'L, Ly = C'Ly, and L; = C'Ly. If the sum

L=Czri+---+Cxy+Cyr +---+ Cy,

where n = s + t, is not direct that there is an idempotent e € C' such that el is generated
over C'e by less than n generators. In this case, nonzero invariants would exist by applying
the induction hypothesis to the action of eL on a suitable nonzero ideal of R. Therefore we
may reduce to the case where

L=Cr1® - - ®Cx;dCy1 &--- & Cy,.

The remainder of the proof now splits into cases where either L;,,, = 0 or L;,, # 0.

For the moment, let us assume that L;,, = 0. Since the action of both L and o are C-linear,
we can apply Lemma 11 to assert that there exists some ¢ # 0 such that Lt = 0 in u(L). Since
Lt = 0, it is clear that t(R) C Q. Let J be an essential ideal of R such that ¢(J) C R and let

B ={be Q#u(L) | b(J) = 0}.
Certainly B is an (R, R)-bimodule of Q#u(L). If L, = 0 and if B # 0, we can apply
Corollary 10 to see that B N R # 0. However, if a is a nonzero element of B N R, the action
of a on J is via left multiplication. But this leads to the contradiction aJ = 0. Thus B = 0
and so,
0#t(J) C R-.

Hence, in this case, R* # 0.

For our final case, we may assume that L;,, # 0. By Lemma 12, there exists e = ¢? € C
and a re-ordering of the z; and y; such that eL;y, # 0 and

el = (Cex1 @ @ Cexy ®Ceyy @ -+ @ Ceyy) @ eLinn,

where s' +t' < n. Since it suffices to show that el acts with nonzero invariants, Lemma 1(3)
allows us to reduce to the case where

L=Cx1® - ®Cry ®Cy1 ®--- ® Cyy) ® Linn,

where s+t < n.

In light of Lemma 4 and Lemma 2(2), RYm = 0 and L acts on R¥»». But this implies that
the quotient superalgebra L/L;,, acts on REinn . However L/Liny is generated over C' by less
than n elements, therefore the induction hypothesis implies that

(RLin'n)L/Linn % 0
Since
we have succeeded in showing that R* # 0. U
The question which motivated this paper dealt with the existence of nonzero invariants
when reduced rings were acted on by finite dimensional Hopf algebras. Recall that if L, # 0,

then w(L) is not a Hopf algebra but the smash product H = u(L)#G is a Hopf algebra
which is neither commutative nor cocommutative. Using Theorem 13, it is now easy to prove
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that every nonzero H-stable subring of a reduced ring R acted on by H = u(L)#G contains
nonzero invariants.

Corollary 14. Let R be a reduced algebra over a field K of characteristic p > 2 acted on by a
finite dimensional restricted K-Lie superalgebra L and let H = u(L)#G, where G is the group
of order 2 with the natural action on L. Then A" 0, for every nonzero H-stable subalgebra

Aof R

Proof. First observe that since A is a subalgebra of R, the field K embeds in the even part
of the extended center of A. Next, since A is H-stable, it follows that 6(A) C A, for all
§ € LyU L;. Therefore L acts on A and we can apply Theorem 13 to assert that A% # 0.
Since ¢ commutes with the elements of Ly and anti-commutes with the elements of Ly, it is
clear A% is G-stable. Since A is reduced, Kharchenko’s result [K1] on group actions or a direct
calculation shows that (AX)Y # 0. However,

AH — (AL)G7
thus A7 # 0, as desired. OJ

The existence of nonzero invariants provided by Corollary 14 can be combined with a recent
result of Grzeszczuk and Hryniewicka [GH2, Theorem 4] to provide us with the final result of
this paper.

Corollary 15. Let R be a reduced algebra over a field K of characteristic p > 2 acted on by
a finite dimensional restricted K-Lie superalgebra L and let H = u(L)#G, where G is the
group of order 2 with the natural action on L. If R satisfies a polynomial identity of degree
d, then R satisfies a polynomial identity of degree dN, where N is the dimension of H.

Proof. Theorem 4 of [GH2| examines the situation where reduced rings R are acted on by
finite dimensional pointed Hopf algebras H such that every nonzero H-stable left ideal of R
contains nonzero invariants. In this situation, they show that if R¥ satisfies a polynomial
identity of degree d, then R satisfies a polynomial identity of degree d/N, where N is the
dimension of H.

In light of Corollary 14 and the fact that H = u(L)#G is pointed, the result in [GH2] can
immediately be applied to our situation, thereby proving the result. U
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